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Abstract 
Physically small cracks in a ferritic martensitic steel were analyzed in the SPring-8 synchrotron facility. Change in the crack 
shape under static and cyclic loading could be determined in addition to the crack shape by mounting micro-specimens in an in-
beam loading stage. Additional information can be gained by comparing three-dimensional images of the crack faces using 
volumetric digital image correlation. The displacement field on the crack faces is then available which, in turn, can be correlated 
to the microstructure determined by serial sectioning and orientation microscopy.   
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1. Introduction 
Crack growth in materials containing various phases is influenced by the microstructure well beyond the stage-I 
growth of microstructurally small cracks, as hard phases can block the crack tip field even for fairly large physically 
small cracks. This phenomenon was studied using a ferritic martensitic steel (carbon steel with Japanese designation 
JIS S15C) with fairly coarse microstructure (average size of ferrite grains 49μm, average size of martensite regions 
32μm) as a model material. The mechanical properties were measured using standard round specimens and 
amounted to 392 MPa for the yield stress, 673 MPa for the ultimate tensile strength, and 13% for the fracture strain.  
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2. Experimental procedure and microstructural analysis 
Crack extension on the surface [1] clearly shows pronounced crack kinking associated with the phase distribution 
on the surface. Moreover, crack opening is reduced if a martensite region is crossed during crack extension. 
However, fatigue cracks are generally surface cracks with unknown amount of interaction with the microstructure in 
depth direction. Physically small cracks were analyzed using high resolution tomography in the Spring-8 
synchrotron. These cracks were initiated in flat small dog-bone specimens loaded in the HCF regime under fully 
reversed loading. Micro-notches made by femto-second laser ablation [2] were used as crack initiators. When the 
cracks had reached the length of some 100μm, the fatigue test was stopped and a miniaturized specimen with a cross 
section of about 400μm×400μm was cut which contained the cracks of interest in its gauge section (see Fig. 1). The 
specimen shown in Fig. 1 was then mounted in an- in-situ loading stage in the SPring-8 facility, beamline BL20XU 
and subjected to additional fatigue loading. Fig. 2 shows the development of the crack area in the course of the 
fatigue process. After 3750 load cycles, the fatigue tests was stopped as a large corner crack had been formed (Fig. 
2c) and the specimen became too weak for additional cycling. 
 
 
a) gauge section of the specimen b) Overview of miniaturized specimen 
Fig. 1. Miniaturized specimen containing to micro-notches. 
Finally the microstructure along the crack path was analyzed by serial polishing in conjunction with EBSD 
analysis. Altogether 28 sections were taken into consideration with an average distance of 13μm between 
consecutive sections. Fig. 3a gives an overview over the results and indicates that the sectioning was fine enough for 
tracing ferrite grains (dashed lines in Fig. 3a). Martensite regions were characterized by low values of the image 
quality and spotty crystallographic orientation (see Fig. 3a). Combining the images of the crack faces from X-ray 
tomography with the results of the orientation microscopy allows assigning grains and phases to positions on the 
crack surface. Fig. 4a illustrates schematically the procedure, whereas Fig. 4b contains a typical result. 
 
a) Starting crack configuration b) crack shape after 1250 load cycles c) crack shape after 3750 load cycles 
Fig. 2. Change of crack shape during the in-situ fatigue test 
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a) Overview of result of serial sectioning b) Crack path in section #20 
Fig. 3. Change of crack shape during the in-situ fatigue test 
 
a) Schematic view of correlation methodp b) Ferrite grains crossed by crack surface 
Fig. 4. Correlation of crack surface with results of orientation microscopy 
 
Fig. 5. Qualitative values of crack face displacement  
3. Determination of crack face displacement 
The crack face displacement can be determined from the distance of opposite planes on the crack faces. This can 
be done in a qualitative way using the 3D graphics tool VG Studio Max. Fig. 5 clearly shows that there is a decrease 
in the distance value front the crack front to the crack line. Moreover, the parts of the crack existing prior to in-situ 
crack 
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fatigue testing (compare Fig. 2a) are separated by significantly larger distances. This can be explained by the fact 
that an overload occurred in the static loading phase prior to cyclic loading. 
An alternative approach leading to a quantitative analysis of the spatial distribution of the crack opening 
displacement is three-dimensional digital image correlation. Two-dimensional image analysis has been applied 
frequently in recent years for determining displacement fields or strain fields on surfaces. This can be done on a 
macroscopic level using commercial systems such as GOM or on a microscopic level using more advanced tools. A 
basic requirement for such an analysis is the presence of a random pixel pattern on the surface, the distortions of 
which are directly related to the local displacements. In case of a volumetric analysis a corresponding voxel pattern 
can only be provided by the microstructure. Local displacements can be determined by tracing inclusions or other 
particles or any other inhomogeneity. Surface cracks and their crack faces provide a distinct volumetric pattern 
which can be traced by the image correlation algorithm. This analysis is limited by the fact that the displacements in 
question, i.e. the crack opening displacements COD, become rather small in the vicinity of the crack tip and may 
well be in the subvoxel range.  
The synchrotron data presented above provide an excellent database for testing the capabilities of digital volume 
correlation. The change of the crack opening due to crack extension was analyzed by comparing the crack 
configurations shown in Figs. 2b and 2c. Digital volumetric image correlation was performed using an extended 
version of the VEDDAC  software. A first impression on the quality of the results was gained with the help of the 
correlation coefficient which specifies the degree of conformity between two voxel patterns. It was found that there 
was a very high value of correlation (0.95 or even more) on the majority of evaluation points. The resulting 
displacements are plotted in Fig. 6 with the arrows indicating the direction of the displacement vector (i.e. its 
projection on a plane) and the color coding the norm of the displacement vector. The background pictures in Fig. 6 
depict the image quality determined in the EBSD analysis of two selected sections. It can be seen that the overall 
direction of the displacement vector is perpendicular to the crack plane as expected. It was found that the norm of 




a) IQ-values and local disoplacement vectors, section #1 b) Detail of Fig. 6a)  
Fig. 6. Crack face displacement determined by volumetric digital image analysis correlated with microstructure  
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